The regulated exocytosis of insulin containing secretory granules is critical for glucose homeostasis, and impaired insulin secretion from b-cells of the pancreatic islets of Langerhans is a key factor in the development of type 2 diabetes (T2D) (1) . In response to elevated plasma glucose, the mitochondrial generation of ATP within b-cells results in closure of ATP-dependent K + (K ATP ) channels, action potential firing, and activation of voltage-dependent Ca 2+ channels; the subsequent entry of Ca 2+ triggers exocytosis of insulin containing dense-core vesicles (reviewed in Ref. 2) .
The repolarization of b-cell action potentials is mediated by delayed rectifier K + channels, and in rodents, this is largely mediated by the voltage-dependent K + (Kv) channel isoform Kv2.1 (3, 4) . However, even though human b-cells express abundant Kv2.1 channels encoded by KCNB1 (5-8), inhibition of these (and the related Kv2.2) has little effect on human b-cell electrical function and variable effects on insulin secretion from human islets (6, 9) . Additionally, control of Kv2.2 expression may also contribute to the regulation of insulin secretion (10) , and recent transcriptomic analysis of purified b-cells suggests an ;10-fold higher expression of the Kv2.2-encoding gene KCNB2 versus KCNB1 (11) . Thus, the role for Kv2.1 channels in insulin secretion, particularly in humans, remains unclear.
Interestingly, Kv2.1 may play a direct role in the exocytotic process, independent of its pore function, through an interaction with syntaxin 1A at the channel C terminus (12) . Indeed, this is true in both rodent and human b-cells, in which we demonstrated that disruption of the Kv2.1-syntaxin 1A interaction impairs depolarization-induced exocytosis and insulin secretion (7) . Tetrameric Kv2.1 channels target to distinct membrane microdomains or clusters, and this requires a C-terminal region of the channel (13-15) that does not overlap with the syntaxin-binding domain. A physiological role for Kv2.1 channel clusters, which may be electrically silent (16) because of increased channel density (17) , is not readily apparent, although they likely play a role in the exocytosis of GLUT4-containing vesicles (18) and appear to define regions of plasma membrane association with the cortical endoplasmic reticulum (19) .
In this study, we have examined the role for Kv2 channels as facilitators of insulin exocytosis in pancreatic b-cells from human donors with and without T2D. We find that Kv2.1 and 2.2 both contribute to the delayed outward K + current, but that only Kv2.1 facilitates insulin exocytosis. Expression of KCNB1 and KCNB2 and the contribution of these channels to outward K + currents are reduced in islets from donors with T2D, in which upregulation of full-length Kv2.1 restores exocytotic function and increases insulin secretion. Mechanistically, tetrameric Kv2.1 channels cluster at the plasma membrane, and these are required for efficient insulin granule recruitment independent of the channel's ability to conduct K + or bind syntaxin 1A. Thus, we demonstrate an important structural role for Kv2.1 at the plasma membrane of pancreatic b-cells, the loss of which may contribute to impaired insulin secretion in T2D.
RESEARCH DESIGN AND METHODS

Cells and Tissues
Human embryonic kidney (HEK) 293 cells were cultured in DMEM with 20 mmol/L glucose, 10% FBS, 100 units/mL penicillin, and 100 mg/mL streptomycin at 37°C and 5% CO 2 . The glucose-responsive INS 832/13 insulinoma cell line (20) was cultured in RPMI 1640 with 11.1 mmol/L glucose, 10% FBS, 10 mmol/L HEPES, 0.29 mg/mL L-glutamine, 1 mmol/L sodium pyruvate, 50 mmol/L 2-mercaptoethanol (2-ME), and 100 U/mL penicillin/streptomycin. Human islets from the Clinical Islet Laboratory at the University of Alberta and the Alberta Diabetes Institute IsletCore (21) were cultured in lowglucose (5.5 mmol/L) DMEM with L-glutamine, 110 mg/L sodium pyruvate, 10% FBS, and 100 U/mL penicillin/ streptomycin. Islets from 40 donors without diabetes (ND) and 15 donors with T2D contributed to this work (Supplementary Tables 1-3 ). All human islet studies were approved by the Human Research Ethics Board (Pro00001754) at the University of Alberta, and all families of organ donors provided written informed consent.
Molecular Biology
Knockdown of KCNB1 or KCNB2 expression in human cells was carried out using a mixture of four small interfering RNA (siRNA) duplexes (Qiagen, Toronto, Ontario, Canada), in which each recognizes different regions of the target gene. Transfected cells were identified by cotransfection with an Alexa Fluor 488-tagged duplex (catalog number 1027292; Qiagen). Adenoviral short hairpin RNA constructs to knock down rat Kcnb1 or Kcnb2 in INS 832/13 cells are described (10 ) was described previously (7, 12) and used to create the GFPcoexpressing adenovirus Ad-Kv2.1 W365C/Y380T (Welgen Inc., Woster, MA). Adenovirus expressing GFP alone was a control (Ad-GFP; Welgen Inc.).
Electrophysiology and Insulin Secretion
Patch-clamp measurement of Kv currents and exocytosis in single INS 832/13 or human b-cells, identified by positive insulin immunostaining following the experiment, was performed at 32-35°C as described (7) . Insulin secretion was measured, 48 h following adenoviral infection, in human islets by perifusion at 37°C in Krebs-Ringer buffer: 115 mmol NaCl, 5 mmol KCl, 24 mmol NaHCO 3 , 2.5 mmol CaCl 2 , 1 mmol MgCl 2 , 10 mmol HEPES, and 0.1% BSA (pH 7.4). Twenty islets per lane were perifused (0.25 mL/min) with 1 mmol/L glucose Krebs-Ringer buffer for 24 min and then with the indicated condition. Samples were collected over 2-min intervals. Islets were lysed in acid/ethanol buffer (1.5% concentrated HCl, 23.5% acetic acid, and 75% ethanol) for total insulin content. Samples were assayed using the Insulin Detection Kit (Meso Scale Discovery).
Total Internal Reflection Fluorescence and PALM Imaging
Imaging was performed on fixed cells, except for live-cell data in Fig. 8G -I, 36-48 h after transduction with mCherrytagged channel constructs and Venus-or EGFP-tagged neuropeptide Y (NPY) to mark secretory granules or following immunostaining for Kv2.1 and insulin with antibodies diluted in 1:1,000 monoclonal mouse anti-Kv2.1 (University of California Davis/National Institutes of Health NeuroMab Antibodies, Davis, CA) and 1:1,000 polyclonal guinea pig antiinsulin (Dako Canada, Burlington, Ontario, Canada) diluted in 5% goat serum or 2% donkey serum. Detection was with Alexa Fluor 488-or 594-conjugated secondary antibodies (Molecular Probes, Eugene, OR) diluted 1:2,000 as above.
All total internal reflection fluorescence (TIRF) imaging used a Cell-TIRF motorized system (IX83P2ZF; Olympus Canada) with a 1003/1.49 NA TIRFM objective, a Photometrics Evolve 512 camera (Photometrics), and Metamorph Imaging software (Molecular Devices). Stimulation was at 491 nm (LAS-491-50) and 561 nm (LAS-561-50; Olympus) with a quad filter passing through a major dichroic and band pass filter (405/488/561/640; Chroma Technology, Bellows Falls, VT). Penetration depth was set to 105 nm, calculated using the existing angle of the laser and assuming a refractive index of 1.37. Emission was collected through bandpass filters of 525/25 nm and 605/26 nm for excitations of 488 and 561 nm, respectively. Images were acquired sequentially with single-laser excitation to minimize potential bleed-through. Object-based colocalization was performed using Imaris Scientific 3D/4D Image Processing software (Bitplane, Zurich, Switzerland, v7.3.2) on top hatfiltered and background-subtracted images. A Gaussian filter assuming initial spot diameter of 0.3 mm was used to initially identify spots, and region growing was applied to ensure capture of clusters with differing sizes. The "Colocalize Spots" function, calculated by MATLAB (r2013; MathWorks), was run with a center-to-center threshold value of 0.3 mm, which is ,2 pixels and represents the minimum resolvable distance to distinguish two objects in our system. Live-cell acquisition was 5 Hz with a 200-ms exposure at 35°C. Before acquisition, cells were preincubated (30 min) in a bath containing 138 mmol NaCl, 5.6 mmol KCl, 1.2 mmol MgCl 2 , 2.6 mmol CaCl 2 , 5 mmol NaHCO 3 , 1 mmol glucose, and 5 mmol HEPES (pH 7.4 with NaOH) and then exposed to 5 mmol/L glucose upon recording. Fusion events, indicated by abrupt brightening (ratio of peak fluorescence to background .1.3) and then disappearance of NPY-EGFP fluorescence, were selected and analyzed with computer-assisted analysis software (24) and normalized to membrane area.
For PALM imaging (25) , cells were fixed on ice with 3% glutaraldehyde for 10 min followed by quenching with 0.1% sodium borohydride to minimize autofluorescence by quenching free aldehyde groups. A low-power (20 mW) 405-nm UV-laser (Spectral Applied Research, Richmond Hill, Canada) was used to photo-activate PAmCherry, of which the signal was acquired using a 605/20-nm bandpass filter after excitation with 1 mW of a 561-nm laser (Spectral Applied Research) at 100-ms exposure time until all molecules were photo-bleached. Acquisition was with a 1003 (1.45 NA) oil objective, a Hamamatsu EM-CDD camera (ImageEM91013; Hamamatsu), and Volocity software (PerkinElmer). To identify clusters, Spatial Pattern Analysis was computed as previously described with Gaussian-mixture model fitting (26) (27) (28) . To avoid potential molecule overcounting from emission by the same molecules, multiappearance localizations were eliminated (26) . Cluster spatial maps were generated by calculation of second-order neighborhood local density value Li(r) for each coordinate. To obtain cluster properties, a robust and unbiased thresholding approach was applied to segment the local density spatial maps and identify regions from which cluster properties could be computed (26, 29) .
Extracellular Cross-linking and Immunoprecipitation
Cross-linking was performed with the membraneimpermeable thiol-cleavable cross-linker 3,39dithiobis (sulfosuccinimidyl-propionate) (DTSSP; Thermo Fisher Scientific). INS 832/13 or HEK 293 cells (10 7 cells/reaction) were incubated with 25 mmol/L DTSSP in distilled water at room temperature for 30 min. After the incubation, cells were washed two times with PBS, and remaining DTSSP was blocked by 15-min incubation with 50 mmol/L stop solution (1 mol/L Tris [pH 7.5]). Cell lysates were harvested in RIPA buffer, separated using SDS-PAGE, transferred to polyvinylidene difluoride membrane, and probed with mouse polyclonal anti-Myc antibody (1:2,000; Merck Millipore, Billerica, MA), mouse anti-b-tubulin antibody (1:2,000; Sigma-Aldrich, St. Louis, MO), or mouse antiKv2.1 (1:1,000 in 5% BSA; University of California Davis/ National Institutes of Health NeuroMab Antibodies). Immunoprecipitation using syntaxin 1A antibody (4E209; sc-73098) from Santa Cruz Biotechnology was as described before (7). Densitometry was performed using ImageJ software (National Institutes of Health; http://imagej.nih.gov/ij/).
Statistical Analysis
Data analysis was performed using FitMaster (HEKA Electronik), Origin Lab (v7.0), and Prism (v6.0c; GraphPad Software). All data are shown as means 6 SEM. Statistical outliers were identified by an unbiased robust regression followed by outlier identification (ROUT) test (30) . Comparison of multiple groups was by ANOVA and Bonferroni posttest. When comparing two means only, data were analyzed by the two-tailed Student t test. A P value ,0.05 was considered significant. Pharmacological inhibitors of Kv2 channels and dominantnegative strategies, which are not selective for Kv2.1 versus Kv2.2 enhance electrical excitability, prolong the action potential duration, increase intracellular Ca 2+ responses, and enhance insulin secretion from rodent islets (3, 31) . Although their role in insulin secretion from human islets is debated (6,9), and we also find no effect of the Kv2 inhibitor stromatoxin on insulin secretion from human islets ( Supplementary Fig. 1A) , it is clear that human pancreatic b-cells express robust Kv2-mediated currents (5) (6) (7) (8) . Although often interpreted as an important role for Kv2.1, recent work in insulinoma cells suggests a key contribution of Kv2.2 (10) , and transcriptomic data demonstrate that purified b-cells express more KCNB2 than KCNB1 (11). Indeed, we find that in human islets, KCNB2 expression is 8.7 6 2.0-fold higher than that of KCNB1 (Fig. 1A) . Selective knockdown of KCNB1 or KCNB2 in human b-cells (Fig.  1B) demonstrates that each isoform contributes to the outward delayed rectifier current in these cells (Fig. 1C and D) . However, knockdown of KCNB1, but not KCNB2, impairs depolarization-induced exocytosis in human b-cells (Fig. 1E and F), which is consistent with the divergent C-terminal homology and an inability of Kv2.2 to bind the syntaxin 1A/SNAP-25 complex (32) . Similar results were obtained upon knockdown of Kcnb1 and Kcnb2 in INS 832/13 insulinoma cells (Supplementary Fig. 2 ).
RESULTS
Kv2.1 Clusters in b-Cells
In human b-cells ( Fig. 2A) and INS 832/13 cells (Fig. 2B) imaged by TIRF microscopy to visualize fluorescence within 100 nm above the coverslip, endogenous Kv2.1 is not homogenously distributed. Using an object-based colocalization routine considering centers within 0.3 mm as colocalized, a portion of these (25. (Fig. 2C) . Bleed-through of the Venus signal into the red channel does not account for the apparent colocalization ( Supplementary Fig. 3 ).
Using a PAmCherry-tagged channel (PAmCherryKv2.1-WT), we performed PALM imaging and spatial pattern analysis (29) of Kv2.1 clusters in HEK 293 and INS 832/13 cells. In both cell types, PAmCherry-Kv2.1-WT was nonhomogenously distributed on the cell membrane ( Fig. 3A and B) , with 35-40% of tagged subunits being localized to clusters (Fig. 3C) . Based on the average number of molecules per cluster (;25-40) (Fig. 3D ) and assuming each tetrameric channel will have 3 to 4 detectable molecules, we estimate that Kv2.1 clusters contain 6-12 tetrameric channels on average. Extracellular cross-linking confirmed that these target to the plasma membrane, where they form large macromolecular complexes corresponding to multichannel clusters that barely migrate into the running gel (Fig. 3E) . Following cleavage of the cross-link with 2-ME, these appear as single monomeric subunits.
Clustering of Kv2.1 Promotes Exocytosis
We generated clustering-deficient channels (mCherry-Kv2.1-DC318 and Myc-Kv2.1-DC318) (Fig. 4A) , based on previous reports that a region in the C terminus is required for Kv2.1 clustering (13). These do not form clusters when expressed in HEK 293 cells (Fig. 4B and D and Supplementary Fig. 4 ) and form substantially fewer clusters in INS 832/13 cells (Fig.  4C-F and Supplementary Fig. 4 ). We found that the Kv2.1-DC318 constructs retained at least some ability to form clusters when in the INS 832/13 cells, which we attribute to an interaction with the endogenous full-length channel ( Supplementary Fig. 5 ). Nonetheless, as demonstrated previously (13) , the truncated channel formed many fewer membrane-resident clusters than the full-length channel despite similar levels of expression (2-ME-treated groups in Fig. 4B and C) . Additionally, the density of membraneresident secretory granules was reduced in INS 832/13 cells expressing mCherry-Kv2.1-DC318 compared with cells expressing mCherry-Kv2.1-WT (Fig. 4E and F) , and colocalization was significantly reduced (from 29.1 6 2.4 to 18.3 6 1.8% of granules associated with an apparent Kv2.1 cluster; n = 67, 69 cells; P , 0.001), although this could result from reduced spot density, which was not corrected for.
Importantly, the truncated constructs retain similar electrical function to the WT channels in INS 832/13 ( Fig. 5A and B) and HEK 293 ( Supplementary Fig. 4C ) cells, and both the Myc-Kv2.1-WT and Myc-Kv2.1-DC318 interacted equally with syntaxin 1A in INS 832/13 cells (Fig. 5C and D) . However, although both the full-length mCherry-Kv2.1-WT and Myc-Kv2.1-WT enhanced depolarization-induced exocytosis in INS 832/13 cells, the clustering-deficient mutants did not (Fig. 5E and F and Supplementary Fig. 4D ), suggesting that channel clustering per se, in addition to syntaxin 1A binding (7, 12) , is required to facilitate exocytosis.
Kv2.1 Clustering and Granule Recruitment to the Plasma Membrane
Knockdown of Kv2.1 (Fig. 6A) in INS 832/13 cells reduced the number of membrane-resident secretory granules at both low-glucose (1 mmol/L) and following 15-or 30-min stimulation with 16.7 mmol/L glucose ( Fig. 6B  and C) . In cells expressing mCherry-Kv2.1-WT, glucose stimulation increased the density of membrane-resident secretory granules over 30 min, but this response was absent in cells expressing mCherry-Kv2.1-DC318 (Fig.  7A-C) . Accordingly, expression of mCherry-Kv2.1-WT also enhanced the glucose-dependent facilitation of exocytosis in INS 832/13 cells (Supplementary Fig. 6 ). Although glucose stimulation tended to increase the total mCherry-Kv2.1-WT cluster density (Fig. 7C) , this was not statistically significant. Of note, we do not observe a glucose-dependent increase in Kv current in human b-cells (Supplementary Fig. 7) .
Upregulation of Kv2.1 in T2D b-Cells Enhances Exocytosis and Insulin Secretion
Insulin secretion is impaired in T2D due at least in part to a reduced exocytotic response (33, 34) . A dissociation between secretory granules and sites of voltage-dependent Ca 2+ entry has been reported in T2D models (35, 36) . In b-cells from donors with T2D, we find that Kv currents are similar Figure 4 -A clustering-deficient Kv2.1 reduces secretory granule recruitment to the plasma membrane. A: mCherry and Myc-tagged clustering-deficient Kv2.1 channels were generated by truncating the final 318 amino acids (mCherry/Myc-Kv2.1-DC318) of the rat sequence. B-D: When expressed in HEK 293 (B; n = 6 experiments) or INS 832/13 cells (C; n = 10 experiments), the Myc-Kv2.1-DC318 formed fewer high-molecular-weight clusters, which could be broken down to channel monomers by 2-ME. Although Myc-Kv2.1-DC318 retained some ability to form clusters in INS 832/13 cells, likely because of combination with native Kv2.1 ( Supplementary  Fig. 5 ), quantification (D; n = 6 and 10) revealed that the majority of the signal remains tetrameric (i.e., single-channel rather than cluster). Additional assessment of the clustering of these constructs is presented in Supplementary Fig. 4 . E and F: When expressed in INS 832/13 cells and visualized by TIRF microscopy, mCherry-Kv2.1-DC318 forms fewer clusters than mCherry-Kv2.1-WT and results in fewer membraneresident secretory granules, marked by NPY-Venus (n = 37; 62 cells from 5 experiments). Scale bars, 10 mm. ***P < 0.001 compared with mCherry-Kv2.1-WT.
to those from ND donors (Fig. 8A and B) , although knockdown of either KCNB1 (Fig. 8A) or KCNB2 (Fig. 8B ) now fail to inhibit Kv currents. Indeed, compared with islets from ND donors, KCNB1 (Fig. 8C ) and KCNB2 (data not shown) are lower in islets of donors with T2D (to 38 and 24% of control subjects, respectively). Consistent with our recent reports (33,37), we find that the ability of glucose to amplify b-cell exocytosis is impaired in T2D b-cells (Fig. 8D and F) . Upregulation of Kv2.1-WT was sufficient to improve exocytotic function in b-cells from donors with T2D measured either by patch-clamp (Fig. 8E and F) or live-cell TIRF microscopy ( Fig. 8G-I) . Notably, live-cell TIRF imaging demonstrates that although the full-length Kv2.1-WT increases exocytosis in ND b-cells (Fig. 8H and I ) and increases the exocytotic response in T2D b-cells to the level seen in control in ND cells (Fig. 8H and J) , the truncated Kv2.1-DC318 construct is without effect. Finally, in islets from donors with T2D in which the insulin secretory response is impaired compared with matched ND control subjects ( Supplementary Fig. 8 ), transduction with adenovirus expressing a full-length, but electrically inactive, Kv2.1 (Ad-Kv2.1
W365C/Y380T
) increased glucose-stimulated insulin secretion (Fig. 8J-L) .
DISCUSSION
The regulated exocytosis of insulin is disrupted in vitro, in animal models of T2D, and in b-cells from human donors with T2D (33,35,38,39) . The mechanisms underlying this are not entirely clear, although reduced SNARE expression (40, 41) , altered granule-Ca 2+ channel coupling (35, 38) , and impaired metabolic signaling (33) have all been suggested and point to an important role for dysregulation of the distal secretory machinery. In the current work, we present evidence suggesting that a reduction of Kv2.1 channels contributes to exocytotic dysfunction because these are required for efficient recruitment of secretory granules. Furthermore, clustering of the channels, in addition to syntaxin 1A binding (7, 12) , is required for glucose-dependent granule recruitment and the facilitation of exocytosis.
Kv2.1 is long known to contribute a majority of the delayed K + current in rodent (3,4) and human (3,31) b-cells. Although immunolocalization studies suggest that Kv2.2 is expressed in human d-cells and regulates somatostatin secretion (8,9), these do not rule out expression in b-cells, as transcriptomic analysis (11) and experimental studies (10) suggest that Kv2.2 may be expressed at significant levels in these cells. Consistent with the latter reports, we observed higher expression of Kv2.2-encoding mRNA in human islets and INS 832/13 cells and found that this isoform mediates a substantial portion of the Kv current. However, Kv2.2 knockdown had no effect on b-cell exocytosis, consistent with its divergent C-terminal homology from Kv2.1 and its inability to bind the syntaxin 1A/SNAP-25 complex (32). However, given that the expression of KCNB2 is reduced in T2D islets and upon metabolic perturbation in INS 832/13 cells (10), a role in insulin secretion cannot be ruled out.
In neurons, Kv2.1 channels localize to large plasma membrane clusters (42) , the distribution of which is controlled by activity-(43) and cell cycle-dependent (44) (de)phosphorylation. An exact physiological role for Kv2.1 clusters is unclear, although they may be electrically silent (16) and act as platforms for channel insertion (18) at sites where the cortical endoplasmic reticulum interacts with the plasma membrane (19, 45) . Given the demonstration that Kv2.1 participates directly in exocytosis (7, 12) , we wondered whether this channel, like the L-type Ca 2+ channel (46) with which it colocalizes (47), forms plasma membrane clusters in the b-cell. Indeed, native Kv2.1 in INS 832/13 cells and human b-cells form clusters at the plasma membrane as observed through both biochemical and imaging approaches. At least a subset of these clusters appear in close proximity to membrane-resident insulin granules and syntaxin 1A clusters; however, the exact relationship between granule docking/exocytosis sites and the Kv2.1 clusters remains to be resolved.
Consistent with previous reports (13, 15) , the C terminus of the channel is required for clustering in HEK 293 cells. The DC318 C-terminal truncation did not, however, entirely abolish Kv2.1 clustering in INS 832/13 cells. This may result from heterotetramerization of the recombinant channel with native full-length Kv2.1 in these cells, although a role for localization to lipid rafts known to occur in b-cells (48) cannot be ruled out. Nonetheless, C terminus-mediated clustering of Kv2.1 tetramers is required for effective facilitation of insulin exocytosis in b-cells because the Kv2.1-DC318 is unable to facilitate exocytosis in INS 832/13 cells or human b-cells despite efficient syntaxin 1A binding, although altered interactions with other SNARE proteins cannot yet be ruled out. It should also be noted that the C-terminal truncation used here removes the distal C2 domain in addition to the clustering sequence (13) . However, we have previously found no effect of the Kv2.1 C2 region on insulin exocytosis (7) .
Declustering of Kv2.1 occurs during brain ischemia, which suggests the clusters may have an important pathophysiological role in neurons (49) . In human b-cells, we show that KCNB1 expression and the contribution of Kv2.1-mediated current is decreased in T2D. Consistent with an impact of this on insulin exocytosis, knockdown of KCNB1 results in impaired secretory granule recruitment and exocytosis. Taken together, we hypothesize that a reduction of Kv2.1 expression contributes to the impairment of human b-cell exocytosis in T2D. The relationship of this to previous reports demonstrating reduced coupling between membrane-associated secretory granules, voltage-gated Ca 2+ channels and sites of localized Ca 2+ entry (35, 38) in models of T2D remains unclear. It is unlikely that reduced Kv2.1 expression is entirely responsible for impaired b-cell function in T2D, and indeed, secretory granule fusion in T2D b-cells expressing the full-length Kv2.1 remained somewhat lower than ND b-cells overexpressing Glucose stimulation increased the density of membrane-resident secretory granules (C) in the mCherry-Kv2.1-WT group (black bars), but not the mCherry-Kv2.1-DC318 group (gray bars), the latter of which had fewer channel clusters (D). Scale bars, 10 mm. *P < 0.05; **P < 0.01 compared with the 1 mmol/L glucose condition, or as indicated.
this construct. However, it seems possible that Kv2.1 channel clusters contribute to an excitosome complex thought to be important for coordinating signaling, excitability and Ca 2+ influx at the exocytotic site (50, 51) . Disruption of Kv2.1 clustering likely results in dysregulation of key interactions at these sites required for efficient secretory granule docking and exocytosis. It should also be considered that Kv2.1 clusters might play more than a simply structural role at the exocytotic site, because channels within clusters are capable of sensing membrane voltage and producing gating currents (16) and of interacting with the ER to potentially regulate intracellular Ca 2+ stores (19) . Plasma membrane protein clustering is emerging as an important level of organization, primed to facilitate ; squares). The first phase secretory response is shown on expanded time scale (K) (one donor; experiment run in duplicate). L: Averaged and individual (circles) area under the curve (AUC) values for baseline, first-phase, and second-phase responses of islets from donors with T2D transduced as in J and K (n = 3 donors in duplicate). *P < 0.05 versus ND or as indicated; **P < 0.01 versus mCherry; ***P < 0.001 as indicated. cellular functions (52) , including insulin secretion (53) . Our data provide evidence that Kv2.1 clusters play a key role in facilitating insulin exocytosis and implicate an important pathophysiological contribution of the loss of Kv2.1 in T2D. The regulation of Kv2.1 clusters in concert with many other protein-protein interactions at the plasma membrane might be important for the efficient recruitment, docking, and priming of secretory granules.
